Introduction
For some years, interest has been increasing in the nature and amount of volatile products and fumes produced during the processing, thermal degradation and combustion of plastics. Of particular concern has been the toxic and irritant effects of aldehydes including formaldehyde, acrolein and crotonaldehyde, which are produced mainly from polyolefines and polyesters.
The author's initial work was carried out principally by a high performance liquid chromatographic method in which the sample atmosphere was drawn through two ice-cooled absorbers in series, containing 2,4-dinitrophenylhydrazine in dilute hydrochloric acid, at a rate of 11/min. The resultant 2,4-dinitrophenylhydrazone derivatives were extracted into methylene chloride and the solution so produced chromatographed on a Spherisorb S5W (100 x 5 mm) column using two mixed solvent eluents. Derivatives of formaldehyde, acrolein, acetaldehyde, propionaldehyde crotonaldehyde, butyraldehyde, and valeraldehyde could be quantitatively resolved and this procedure was ideal for short/medium-term sampling. The method, now updated to the reverse phase conditions used by Kuwater et al. [1] does, however, require that the analysis be completed in the laboratory, and does not give 'real time' information continuously over long periods during process or degradation/combustion experiments.
It was therefore necessary to develop an analyser specifically for acrolein, which would be capable of a lower limit of determination of 0"01 ppm in air. The requirement was for continuous operation for reasonably long periods (up to 8 h) and for results to be available within a delay time ofless than 20 min. The colorimetric method due to Cohen and Altshuller [2] based on the formation of a coloured complex between acrolein and 4-hexylresorcinol under specified conditions was chosen as the chemistry for the analyser. This method offers a high degree of specificity; the only species known to react similarly, but to a much lower extent, is erotonaldehyde (approximately 200:1 acrolein to crotonaldehyde at 605nm for similar concentrations). The development involved the design of a fast-flow atmosphere sampling and reaction system and assembly of the necessary flow-through cell, measurement and recording instrumentation.
Construction of the analyser
The analyser is constructed from six functional units assembled as shown in figure 1. Gas scrubber vessel To achieve a detection limit below that of the TLV for acrolein (0"lppm) a large volume of sample atmosphere has to be scrubbed by a small volume of reagent. The scrubber, illustrated in figure 2 (a), was designed for sampling rates of between 250 and 1000ml/min. and comprises a glass vessel with a 10-turn inclined spiral in conjunction with a bubble-breaker jet incorporated into the reagent delivery tube. This design proved an effective compromise between exhaustive scrubbing and minimal damping of changes in acrolein concentration. A smaller version using a six-turn spiral was made for sampling rates below 250ml/in (see figure 2 [b]).
Multi-channel peristaltic pump
A peristaltic pump capable offlow rates on at least two channels ofbetween 0"5 and 5"0 ml/min, is required. In the work described in this paper, an in-house design pump was used but any good quality peristaltic pump should prove adequate. An important point to note is that it is essential, with the corrosive reagent system recommended, that only acid-resistant fluorinated rubber pump tubing and transfer tubing should be used. Polytetrafluorethylene tubing is also suitable for solvent transfer purposes.
Reaction coil at 60C
The reaction takes place in a 13 m x 1.6 mm ID glass reaction coil maintained at 60C in a thermostatted bath. More than one coil can, of course, be accommodated in the bath to provide sufficient delay at reagent flow-rates faster than 2 ml/min.
Optical flow-through cell
A flow-through cell of 4cm path-length using fibre optics to facilitate measurement of the transmission/absorbance was constructed, as shown in figure 3 , from a block of black polytetrafluorethylene (PTFE). Glass was found to be unsuitable for the cell as the incident light was transmitted to the second light pipe via the glass walls and effectively halved the sensitivity of the cell. PTFE proved to be a better medium in other respects also; the size of the optical glasses was independent of the bore size ofthe cell, whereas the bore shape ofa glass cell with integral glasses was determined by the minimum workable size of the glasses. Thus the cell ends had to bell out and so tended to provide bubble traps. With the plastic cell an effective seal could be made between the glass window and the cell body using Viton 'O' rings and the cell bore could therefore relate directly to the cross-sectional area of the light pipes.
Colorimeter
A colorimeter capable of accepting fibre optic light transmission is required. In the assembly described, the fibre optics were obtained from Chemlab and were used in conjunction with a Brinkman dipping probe colorimeter capable of displaying a digital read-out, which could be calibrated directly in concentration units. The absorbance wavelength required for measuring the coloured complex is 605 nm; an interference filter of600 nm with a 20nm band pass was used with the colorimeter. The analyser is normally calibrated using acrolein standards in reagent solution, the preparation of which are described under the section on 'Calibration of the analyser'. Calibration can also be effected using an acrolein/air atmosphere, details of this method are also found in the 'Calibration' section. The reagent flow rate must be measured at an early stage in order to calculate the acrolein in air levels represented by the solution standards (see table 2 ). The procedure is as follows.
The apparatus is assembled as indicated in figure 1, but without connecting the gas sampling cell. The heating bath is then switched on and the temperature control set to 60C. The chart recorder is switched on without engaging the chart drive, next the colorimeter is switched on for use in accordance with the manufacturer's instructions.
A length of transfer tubing is connected to the scavenge peristaltic tube, as indicated in figure 1 , and immersed into a reservoir of fresh, cool reagent. The pump is started and pumping of reagent is allowed to continue for at least enough time for the complete passage of liquid through the system: this is the residence time. The pumping is continued until the percentage transmission of the colorimeter has been adjusted and stabilized at 1009/o. The volume of effluent over a specific The colorimeter is then switched to measure absorbance and adjusted to zero with the appropriate control; the chart drive is turned on. The tube from the reagent has to be quickly transfered to standard and the solution allowed to pump through the system for 10 min. before transferring to standard 2 and so on. The absorbance remains at zero until standard reaches the optical cell. If a bubble has accidentally been introduced into the system, its passage through the optical cell will cause a sharp increase in absorbance and it may take two or more minutes to restabilize.
As the first developed standard passes through the cell the absorbance rises and steadies. At the steady state, the colorimeter is set to indicate the concentration. The read-out is adjusted until it displays the actual concentration of the standard. Every 10min. the subsequent standards will pass through the optical cell and, in each case, when the absorbance has stabilized, the value is noted and checked against the true concentration value.
After the standards have passed through the system the peristaltic pump is switched off. The delivery and scavenge lines are connected to the appropriate gas sampling cell, the delivery peristaltic pump tube is tensioned, the gas sample pump is turned on and the sampling flow rate set with the Flo-stat controller. The peristaltic pump is then turned on and it is necessary to watch carefully that the gas sampling cell primes satisfactorily. The way that the level of liquid at the top of the down tube is maintained is watched. It may be necessary to constrict either the delivery or scavenge tube by means ofa screw clip, or other device, in order to keep the level constant and at a minimum head.
At this point the analyser is ready to monitor a sample atmosphere. For pump rates different from 1.5ml or 3.0ml, as appropriate the acrolein levels may be recalculated using the expression ppm acrolein x pump rate ml 1"5 or 3"0
It is not recommended that the pump rate be above 2.0ml/min.
for.a single passage through the bath as the dwell time will then be less than 13 min. and the optimum development time will not have elapsed.
Calibration with a standard acrolein atmosphere 
Applications and discussion
The anlyser has behaved reliably for several investigations: including the measurement of pyrolysis and combustion products from polymethyl methacrylate, pyrolysis products from glass-filled polyethylene terephthalate and pyrolysis/combustion products from polyolefines.
A typical record obtained during the pyrolysis in air of a sample of poly(methylmethacrylate) in a moving tubular furnace (DIN 53436) at 600C is shown in figure 4 . Real-time traces for carbon monoxide, carbon dioxide and oxygen in the exit gas flow from the pyrolyser are also shown. The 14 min. delay due to the reaction coil of the acrolein analyser is clearly evident. Other results obtained confirm that acrolein, together with other fumes, including carbon monoxide and formaldehyde, is evolved during the processing of plastics within the temperature range 140-340C. The amounts, however, are generally low and even at the highest temperatures the evolved gases are adequately handled by the ventilation installed [3, 4] .
